Gas phase H/D exchange kinetics: DI versus D2O  by Schaaff, T.Gregory et al.
Gas Phase H/D Exchange Kinetics:
DI Versus D2O
T. Gregory Schaaff, James L. Stephenson, Jr., and Scott A. McLuckey
Chemical and Analytical Sciences Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA
The gas phase H/D exchange reactions of bradykinin (M 1 3H)31 ions with D2O and DI were
monitored in a quadrupole ion trap mass spectrometer. The H/D exchange kinetics of both
chemical probes (D2O and DI) indicate the presence of two noninterconverting reactive gas
phase ion populations of bradykinin (M 1 3H)31 at room temperature. The H/D exchange
involving DI, however, generally proceeds faster than that involving D2O. The rate observa-
tions described here can be rationalized on the basis of the “relay mechanism” (see Campbell
et al. J. Am. Chem. Soc. 1995, 117, 12840–12854) recently proposed to account for H/D exchange
between D2O and gaseous protonated polypeptides. The higher exchange rate with DI is
believed to arise primarily as a result of its lower gas-phase acidity relative to that of D2O and,
secondarily, as a result of the longer bond length of DI relative to that of OD in D2O. (J Am
Soc Mass Spectrom 2000, 11, 167–171) © 2000 American Society for Mass Spectrometry
The gas phase chemistry of polypeptide ions hasbecome an integral component in strategies foridentifying proteins. One of the most widely
applied methods involves the dissociation of polypep-
tide ions to derive amino acid sequence information.
Three-dimensional gas phase structures have been
shown to influence the unimolecular dissociation of
such ions through intramolecular interactions [1–7], e.g.
acid–base interactions as well as overall conformational
features. The presence of multiple ion conformations
can be recognized by measuring the ion cross section
[8–16] as well as by the chemical reactivity of ions in the
gas phase. Chemical probes include, but are not limited
to, gas phase H/D exchange [17–20], deprotonation
with strong bases [5, 20–25], and the attachment of
hydroiodic acid [26–29]. Gard and co-workers sug-
gested that amino acid and dipeptide ions undergo gas
phase H/D exchange with CH3OD through a charge-
site mediated mechanism, where the CH3OD reagent
molecule bridges between the charge site and other
carbonyl groups in the ion [30]. This mechanism has
since been expanded to encompass the D2O H/D ex-
change behavior of larger polypeptide ions [31, 32].
Here we show that when a fully protonated peptide is
exposed to DI, gas phase H/D exchange likely proceeds
through a similar mechanism as that of D2O, but
generally at a faster rate.
Experimental
The triply charged bradykinin ion (BK, RPPGFSPFR)
was generated by nanoelectrospray of a 10 pmol/mL
solution in 100% methanol, with 1% acetic acid. The
electrospray interface [33] and ion trap mass spectrom-
eter (Finnigan MAT, San Jose) design have been de-
scribed elsewhere. Prior to the reaction period, isolation
of the entire natural isotopic envelope of (M 1 3H)31
ions was performed by resonance ejection of ions with
lower and higher m/z ratios. The BK (M 1 3H)31 ions
were then stored in the presence of 1 3 1025 torr DI or
D2O, with a background pressure of 1 mtorr He. The
partial pressure of DI was maintained by sampling the
vapor above a 57% w/w solution of DI in D2O through
a low-pressure leak valve (Granville-Phillips). Because
the vapor pressure of DI is much higher than water, the
mole fraction of DI is 0.98 and D2O is 0.02 above the
solution. The D2O pressure was maintained by sam-
pling the vapor above a vial of D2O. A Varian Turbo-V
550 ICE pump, which is designed for use with corrosive
gases, was used to evacuate the main vacuum chamber.
For both reagent molecules, the pressure observed at
the (Bayard-Alpert-type) ion gauge was corrected for
relative ionization efficiencies [34]. The high resolution
mass spectra [35–37] of the BK (M 1 3H)31 ion and the
resulting reaction products were obtained by reducing
the scan rate of the ion trap mass spectrometer from
5555 to 278 m/z units per second.
Results and Discussion
Storage of the BK (M 1 3H)31 ions in the presence of
the deuterated reagent molecules (DI and D2O) results
in gas phase H/D exchange from the probe molecule to
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the ion (Figure 1), which has 20 labile exchangeable
hydrogens. The spectra clearly show that both H/D
exchange reagents indicate the presence of two reactive
populations, as evidenced by the bimodal distribution
of ions with distinct extents of deuterium uptake. For
H/D exchange with DI, the appearance of the bimodal
distribution is evident at 900 ms; however, this cannot
be discerned by D2O H/D exchange until after 2000 ms.
The existence of at least two populations of BK (M 1
3H)31 ions can also be discerned from the depletion of
the monoisotopic (1H, 12C, 14N, and 16O) ion upon
storage in either D2O or DI (Figure 2a). The fast-reacting
component of the monoisotopic ion population is de-
pleted within 150 ms when either DI or D2O is used to
probe the ion reactivity. The reaction rates for incorpo-
ration of the first deuterium in the fast-reacting compo-
nent are the same within experimental error for both DI
and D2O. However, after this initial time frame, the rate
of depletion slows and a difference in exchange rate for
incorporation of the first deuterium using DI vs. D2O is
evident. The rate of exchange for the slow-reacting
population was determined by fitting the depletion
data to a dual exponential function (shown as lines in
Figure 2a), which yielded high confidence values for the
slower rate. The rate of exchange for DI (0.57 6 0.08
s21) was approximately three times that found for D2O
(0.21 6 0.06 s21). The H/D exchange rate of the fast-
reacting population, which is roughly equivalent for
both exchange reagents, is approximately an order of
magnitude faster than that found for the slow-reacting
population.
Figure 1. Mass spectra obtained after storage of the BK (M 1
3H)31 ion in (a) DI and (b) D2O at 1 3 10
25 torr. The reaction
times are (from top to bottom in each frame) 100, 900, and 3000 ms.
Figure 2. H/D exchange kinetics for BK (M 1 3H)31. (a) The
intensity profile for the monoisotopic (1H, 12C, 14N, 16O) ion
during storage in the presence of DI (squares) and D2O (circles).
The nonlinear pseudo-first-order kinetics indicate at least two
reactive populations with distinct H/D exchange rates. (b) The
average deuterium uptake (as a function of storage time) for the
fast-reacting population of BK (M 1 3H)31 ions.
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Although the rates for incorporation of the first
deuterium in the fast-reacting component are roughly
equal for DI and D2O, it is clear from Figure 1 that the
rates for incorporation of further numbers of deuterium
atoms are higher with DI than with D2O. This conclu-
sion follows from the greater extent of deuterium
incorporation at a given reaction time with DI versus
D2O (compare, for example, the 900 and 3000 ms data in
Figure 1). The following procedure was used to derive
a general comparison of the reactivities of the fast-
reacting ion population with the two molecular probes:
(i) deconvolution of the natural isotopic abundances
from the spectra, (ii) fitting the resulting spectra to two
Gaussian distributions with the peak value for each
corresponding to the average deuterium uptake, and
(iii) fitting the resulting deuterium uptake data to a
linear equation. The result provides a generalized rate
(deuterium uptake/s) that is determined by contribu-
tions associated with the kinetics of each consecutive
H/D exchange step. The rate of deuterium uptake with
DI was approximately 5.2 6 1.5 s21 and for D2O was
1.2 6 0.8 s21. This comparison indicates that, like the
slow-reacting component, H/D exchange tends to be
faster with DI.
The mechanism for H/D exchange involving
CH3OD was first proposed to follow a “relay-type”
mechanism for single amino acid and dipeptide gas-
eous ions [30]. This has been refined for larger peptide
ions with D2O, in which D2O bridges between a site
possessing the ion charge and an amide carbonyl of the
peptide backbone (Scheme 1, X 5 OD) [31, 32]. The
ion/molecule complex can then dissociate with the
water molecule taking a proton from the charge site and
donating a deuteron to the amide backbone of the
peptide. This intermediate was invoked, in part, be-
cause of the low proton affinity of water (PA 5 165
kcal/mol [38]) relative to those of the usual sites of
protonation in peptides, which makes proton/deuteron
transfer via a normal proton bound dimer intermediate
an energetically unfavorable pathway. A similar argu-
ment can be made for H/D exchange involving DI
because the PA of hydroiodic acid (150 kcal/mol [38]) is
even less than that of water. The relay mechanism does
not require a high PA for the probe molecule. Rather, a
low gas phase acidity (GA) favors this mechanism
because it involves the heterolytic separation of a deu-
teron from the counterion (OD2 in the case of D2O and
I2 in the case of HI). Scheme 2 shows a generic energy
diagram for a single H/D exchange reaction involving
a peptide ion, represented as MH1, and a molecule DX,
where X represents either I or OD. The complex formed
initially by attachment of DX to MH1 is indicated as
“A” and the analogous complex between MD1 and HX
that appears in the exit channel is indicated as “C.” The
relatively high energy proton transfer intermediate is
indicated as “B.” The barrier to formation of B is
expected to be dependent upon the gas-phase acidity of
DX. In the case of DI, the lower GA of DI (GA 5 314
kcal/mol [39]) relative to that of D2O (GA 5 392 kcal/
mol [39]) facilitates the transfer of the deuteron to the
carbonyl group. Furthermore, the relatively strong as-
sociation of HI with neutral basic sites, as reflected by
the high propensity for attachment of neutral HI mole-
cules to polypeptides with unprotonated basic residues
[28, 29] should tend to stabilize B. Therefore, the barrier
to H/D exchange for a given MH1 is expected to be
lower for DI (depicted as a solid line in Scheme 2) than
for D2O (dashed line). A further consideration, which
may play a role in the enhancement of H/D exchange
with DI versus D2O, is the distance over which the
interactions depicted in A can occur. The D–O bond
length in D2O is 0.96 Å, whereas it is 1.63 Å in D–I. The
longer bond lengths associated with bonding to iodine
implies that the distances over which bridging from the
charge site to nearby carbonyl oxygen atoms is greater
for DI than it is for D2O. This may facilitate the relay
mechanism by increasing the radius around the charge
site for interaction with a carbonyl oxygen.
Both the lower GA of HI versus H2O and the longer
interaction distance associated with DI relative to D2O
suggest that reaction efficiency should be significantly
greater for DI than for D2O. The disparity in reaction
efficiencies is clear when polarization theory [40] is
considered to determine the “collision rate.” Polariza-
tion theory is expected to be a reasonable approach to
determining the collision rate, as opposed to the use of
a hard-sphere collision model, in the evaluation of
reaction efficiency because the reaction is charge-site
mediated. The rate constant for collision of water with a
singly charged ion of the mass of BK is 2.0 3 1029 cm3
Scheme 1
Scheme 2
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molecule21 s21, whereas it is 5.95 3 10210 cm3 mole-
cule21 s21 for a collision of hydroiodic acid with the
same ion [40]. [The charge-site/molecule collision rate
constants for the BK (M 1 3H)31 ion can be taken as
three times the values just mentioned for each of the
respective molecules.] The largest reaction rate constant
observed in this work is roughly 1.8 3 10211 cm3 mol-
ecule21 s21 (i.e., reaction rate of roughly 6 s21 for 1025
torr of either D2O or DI for exchange of the first
hydrogen of triply protonated BK). Therefore, reaction
efficiencies are low and are consistent with either
slightly endoergic or entropically constrained reactions,
as suggested by the relay mechanism [30–32] and
depicted in Scheme 2. Considering that the charge-site/
molecule collision rate for DI is roughly a factor of 3
lower than that for D2O, whereas the observed reaction
rates for DI are greater than or equal to those for D2O
reflects the significantly greater reaction efficiencies
associated with H/D exchange by DI. (A contribution to
the reaction rate by a three-body mechanism, whereby
two molecules of DI or D2O are necessary for exchange,
cannot be precluded based on the measurements re-
ported here. However, three-body reaction rate con-
stants that rival the largest ever reported would be
required to make a significant contribution to the high-
est rates observed here. Furthermore, the rate constants
measured in this work for H/D exchange involving
D2O are comparable to those measured in the much
lower pressure environment of the Fourier transform
ion cyclotron resonance instrument [31, 32], in which
three-body reactions are far less likely. The simplest
interpretation for the data reported here, therefore,
involves a bimolecular mechanism rather than a termo-
lecular mechanism.)
For bradykinin ions, ion mobility measurements
have suggested that the structure of the (M 1 3H)31 ion
of bradykinin is elongated [relative to the (M 1 H)1
and (M 1 2H)21 ions], but evidence suggesting the
presence of ions with more than one resolvable mobility
was not indicated [14]. Both the DI and D2O H/D
exchange experiments suggest at least two distinct ion
populations. The likelihood that both chemical probes
react via a similar mechanism suggests that both probes
are reflecting the same difference in the two ion popu-
lations. The significant difference in H/D exchange
kinetics for the slow- and fast-reacting populations
might reflect a conformational difference that does not
give rise to a significant difference in mobility. How-
ever, it might also reflect other differences, such as in
the sites of protonation. It is generally agreed that the
high proton affinity of the arginine residues should
localize two of the ionizing protons in the triply charged
ion at the arginine side chains [41]. The location of the
third proton to make the triply charged ion can reside
on the amine terminus of the ion. However, gas phase
basicity measurements and calculations recently pre-
sented by Cassady and co-workers [42] suggest that the
third proton could also be localized on one of the three
proline residues present in the triply charged bradyki-
nin ion. The fact that the relay mechanism is charge-site
mediated could make the H/D exchange measurements
highly dependent upon the charge site locations. As
with other chemical probes of three-dimensional struc-
tures of ions in the gas phase, the H/D exchange mea-
surements provide only indirect information on structure.
Other sources of information would be required to differ-
entiate between the various possible factors that can affect
the reactivity of the chemical probes.
Conclusions
The reactivities of bradykinin ions towards attachment
of HI (and DI) and H/D exchange with DI have been
studied in detail. The results have indicated that HI/DI
attachment takes place at neutral basic sites (i.e., it is not
a charge-site mediated process) [28]. Thus, the mecha-
nism for HI/DI attachment makes it unique among
commonly used chemical probes of polypeptide ion
structure. Hydrogen/deuterium exchange with DI, on
the other hand, has been shown to proceed primarily
via a charge-site mediated mechanism [26], presumably
in analogy with H/D exchange using D2O. However,
the results reported here show that H/D exchange is
faster with DI than with D2O. Further comparisons with
other peptide ions and with other deuterated molecules
having low gas-phase acidities are necessary to deter-
mine which probes are likely to undergo H/D exchange
by the relay mechanism and which probes are most
sensitive to differences in ion structure. Comparisons
with H/D exchange reagents that are likely to react via
proton-bound dimer intermediate, such as ND3 [31, 43],
are also of interest in refining understanding of the
behavior of the growing array of molecules used as
ion/molecule reaction probes of macro-ion structure in
the gas phase.
Although DI can reveal the presence of isomeric ion
populations present in fully protonated ions, under the
relatively high ion/helium collision rate conditions in
the ion trap, DI attaches to ions that are not fully
protonated. The resonance ejection of ions under high-
resolution mass analysis conditions tends to dissociate
the ion/molecule complex, thereby complicating the
measurement of the isotopic abundances. Thus, the
measurement of the H/D exchange kinetics of DI with
lower charge state ions (not fully protonated) in the ion
trap is compromised using resonance ejection. How-
ever, the use of DI as a chemical probe in experiments in
the Fourier transform ion cyclotron resonance experi-
ment, wherein the detection is nondestructive, may
allow for the measurement of DI attachment and H/D
exchange rates simultaneously. Such a measurement
might be of interest because attachment and H/D
exchange occur via different mechanisms.
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